A recombinant inbred line population derived from a super hybrid rice Xieyou 9308 (Xieqingzao B/Zhonghui 9308) and its genetic linkage map were used to detect quantitative trait loci (QTLs) for rice yield traits under the low and normal nitrogen (N) levels. A total of 52 QTLs for yield traits distributed in 27 regions on 9 chromosomes were detected, with each QTL explaining 4.93%-26.73% of the phenotypic variation. Eleven QTLs were simultaneously detected under the two levels, and 30 different QTLs were detected under the two N levels, thereby suggesting that the genetic bases controlling rice growth under the low and normal N levels were different. QTLs for number of panicles per plant, number of spikelets per panicle, number of filled grains per panicle, and grain density per panicle under the two N levels were detected in the RM135-RM168 interval on chromosome 3. QTLs for number of spikelets per panicle and number of filled grains per panicle under the two N levels, as well as number of panicles per plant and grain density per panicle, under the low N level, were detected in the RM5556-RM310 interval on chromosome 8. The above described QTLs shared similar regions with previously reported QTLs for rice N recycling.
Rice (Oryza sativa L.) is the major food and heat source for more than half of the world's population. Fertilizer, especially nitrogen (N), plays a crucial role in rice production. However, nitrogen use efficiency (NUE) evidently declines with increasing application of N fertilizer. At present, NUE for rice is only about 30% in China (Peng et al, 2002) . With improper use of N fertilizer and low NUE, most of the N is lost through volatilization and run-off, thereby causing serious environmental pollution that indirectly affects human health (Senaratne and Ratnasinghe, 1995; Xing and Zhu, 2000; Peng et al, 2006) . Genetic improvement of rice for NUE would reduce N inputs and maintain high yield, which would be an effective way to reduce the environmental pollution and the cost of rice production (Shan et al, 2005; .
As increasing the yield per unit area remains the key factor in increasing total rice production, numerous scholars have identified and cloned the functional genes associated with high yield, and combined molecular breeding technologies to cultivate high-yielding rice varieties (Cheng et al, 2004; Zhang, 2007) . At present, 29 genes for rice yield and yieldrelated traits have been cloned by map-based cloning strategy Zhan et al, 2014) . Wei et al (2012) used a set of recombinant inbred lines (RILs), derived from a cross of Zhenshan 97 and Minghui 63, to identify quantitative trait loci (QTLs) for rice NUE and N-deficiency tolerance traits. reported QTLs associated with physiological NUE in rice. Feng et al (2011) identified QTLs for plant height and heading date in rice under the low N and normal N levels. Wei et al (2011b) also detected QTLs for rice NUE and grain yield traits, and studied the genetic relationship between the two traits. Tong et al (2011) identified 57 main-effect QTLs, and 33 digenic interactions for grain yield and its components under three N levels. Wei et al (2011a) also detected 68 QTLs for grain yield and its components under the low and normal N applications. Given that rice yield traits showed significant genetic variability under different N levels, studying the genetic characteristics of rice yield traits under different N levels is important in breeding N-efficient rice varieties. In this study, we used a RIL population, derived from a super hybrid rice Xieyou 9308, a cross of Xieqingzao B and Zhonghui 9308, to detect QTLs for number of panicles per plant, panicle length, number of spikelets per panicle, number of filled grains per panicle, seed-setting rate, grain density per panicle, 1000-grain weight, and grain yield per plant under two different N levels, and analyzed the inherited characteristics of these traits. This study aimed to provide reference for molecular-assisted selection of N-efficient rice varieties.
MATERIALS AND METHODS

Rice materials
The population used in this study was consisted of 138 F 14 RILs, which were screened by N-deficiency tolerance test from 238 lines (Feng et al, 2010b) , derived by the single-seed descent from a cross of a restorer line Zhonghui 9308 and a maintainer line Xieqingzao B, which were the parents of Xieyou 9308, a super hybrid rice in China.
Field experiment design
The experiment was carried out in 2009 at China National Rice Research Institute, Hangzhou, Zhejiang Province, China. Basic nutrition in the soil (0-20 cm depth) was as follows: 51.9 g/kg organic matter, 3.16 g/kg total N, 331.9 mg/kg alkali-hydrolyzable N, 1.13 g/kg total phosphorus (P), 17.5 mg/kg Olsen-P, 24.20 g/kg total potassium (K), and 69.0 mg/kg available K. Field planting followed a randomized complete block design under two fertilization levels (N+, normal N; N-, low N) with two replications. Under the N+ level, N (in the form of urea), P (CaH 2 PO 4 ) and K (KCl) fertilizers were applied at 150, 375 and 225 kg/hm 2 , respectively. Total P, 60% N and 50% K were applied at 1 d before transplanting, whereas 40% N and 50% K were topdressed at the tillering stage. Under the Nlevel, all fertilizers except N were applied as under the N+ level. All rice materials were sown on 14 May, and transplanted on 10 June. Each line was transplanted in five rows with nine hills per row, single plant per hill with a planting space of 20 cm × 20 cm. Field management was implemented in accordance with conventional cultivation requirement. Number of panicles per plant, panicle length, number of spikelets per panicle, number of filled grains per panicle, seed-setting rate, grain density per panicle, 1000-grain weight, and grain yield per plant were measured from the third to the seventh plants (total five plants) of the middle three lines in each plot. The average of two replications values was used as the trait for QTL analysis.
Molecular linkage construction and QTL mapping
Based on the molecular genetic map constructed previously (Shen et al, 2008) , molecular markers were further complemented. The genetic map used for QTL analysis was consisted of 198 simple sequence repeat markers, and spanned a total of 1 814.5 cM in length, with an average spacing of 9.2 cM between adjacent marker. The partial separation and genome coverage of the map were similar to those of other international rice mapping populations, and were suitable for QTL mapping. The linkage map was constructed by MapMaker/EXP 3.0 software.
To identify QTLs for eight yield traits, composite interval mapping was used by WinQTLCart 2.5 (http://statgen.ncsu.edu/qrtcart/WQTLCart.htm). The LOD value of 2.5 was selected as the minimum to declare the presence of a QTL in a given genomic region, and the percentage of variance explained by individual QTL and allelic effects were estimated at the maximum-likelihood QTL position. QTL nomenclature was followed by McCouch et al (2008) .
RESULTS
Phenotypic analysis for yield traits
The phenotypic distributions of yield traits of the two parents and the RIL population are shown in Table 1 . Number of panicles per plant, panicle length, and grain yield per plant of the two parents under the Nlevel were smaller than those under the N+ level. However, trait differences in Zhonghui 9308 were less than those in Xieqingzao B under the two N levels. Compared with those under the N+ level, number of spikelets per panicle, number of filled grains per panicle, seed-setting rate, grain density per panicle, and 1000-grain weight of Xieqingzao B were decreased under the N-level. However, these five traits of Zhonghui 9308 were higher under the N-level than those under the N+ level, thereby suggesting that Zhonghui 9308 showed a smaller response to N deficiency than Xieqingzao B. Table 1 shows that the kurtosis and skewness for all traits, except for seed-setting rate, were less than 1. Moreover, these traits showed genetic characteristics of quantitative traits, and presented significant transgressive segregation. The results fulfill the requirement of QTL mapping.
The phenotypic values of seed-setting rate with nonnormal distribution were converted to appropriate values, which were used for QTL mapping.
QTL analysis for yield traits under N-and N+ levels
A total of 52 additive QTLs were detected for rice yield traits under the two N levels, and each QTL explained 4.93%-26.73% of the phenotypic variations. Among those, 28 QTLs distributed in 17 regions on 7 chromosomes were detected under the N-level (Table  2) , whereas 24 QTLs also distributed in 17 regions on 7 chromosomes were detected under the N+ level (Table 3) . Eleven consistent QTLs for yield traits were located in seven regions on chromosomes 1, 3, 6, 7 and 8 under the two N levels, and 30 differentially expressed QTLs for yield traits were located in 23 regions on 9 chromosomes under the two N levels (Fig. 1) .
Number of panicles per plant
Six QTLs for number of panicles per plant were located on chromosomes 1, 3, 7 and 8 under the two N levels, including four and two QTLs under the N-and N+ levels, respectively (Tables 2 and 3 ). One major QTL was simultaneously located at the RM135-RM168 interval on chromosome 3 under the N-and N+ levels, and explained 13.62% and 22.06% of the phenotypic variations, respectively. The positive allele was from Xieqingzao B.
Panicle length
Ten QTLs for panicle length were located on chromosomes 1, 2, 3, 6, 7 and 8 under the two N levels, including five QTLs under each level, respectively (Tables 2 and 3 ). Phenotypic variations explained by individual QTL ranged from 5.00% to 15.58%. The positive allele of QTL located on chromosome 2 was from Xieqingzao B, and the other nine QTLs were all from Zhonghui 9308.
Number of spikelets per panicle
Fourteen QTLs for number of spikelets per panicle were located on chromosomes 1, 2, 3, 6, 7 and 8 under the two N levels, including eight and six QTLs under the N-and N+ levels, respectively (Tables 2 and 3) . One major QTL was found to be simultaneously located at the RM135-RM168 interval on chromosome 3 under the N-and N+ levels, and each QTL explained 18.75% and 15.82% of the phenotypic variations, respectively. The positive allele of the QTL was from Zhonghui 9308.
Number of filled grains per panicle
Seven QTLs for number of filled grains per panicle were located on chromosomes 1, 2, 3 and 8 under the two N levels, including four and three QTLs under the N-and N+ levels, respectively (Tables 2 and 3) . One major QTL was simultaneously detected in the RM135 RM168 interval on chromosome 3 under the N-and N+ levels, and each QTL explained 14.43% and 17.73% of the phenotypic variations, respectively. The positive allele of the QTL was from Zhonghui 9308. 
Seed-setting rate
Three QTLs for seed-setting rate were detected under the two N levels, including one and two QTLs under the N-and N+ level, respectively (Tables 2 and 3) . These three QTLs were located on chromosomes 1, 3 and 5, and phenotypic variations explained by each QTL ranged from 8.81% to 13.06%. The positive allele of the QTL located on chromosome 1 under the N+ level was from Zhonghui 9308, and Xieqingzao B carried alleles of the other two QTLs.
Grain density per panicle
Six QTLs for grain density per panicle were detected under the two N levels, including three QTLs under the N-and N+ levels, respectively (Tables 2 and 3 ). These six QTLs were located on chromosomes 1, 3, 6 and 8, and each explained 6.04%-21.93% of the phenotypic variations. One major QTL was simultaneously located in the RM135-RM168 interval on chromosome 3 under the N-and N+ levels, and each QTL explained 18.36% and 21.93% of the phenotypic variations, respectively. The positive allele of the QTL was from Zhonghui 9308.
1000-grain weight
Three QTLs for 1000-grain weight were detected under the two N levels, including two and one QTLs under the N-and N+ levels, respectively (Tables 2 and  3 ). These three QTLs were located on chromosomes 3 and 7, and phenotypic variations explained by each QTL ranged from 4.93% to 26.73%. One major QTL was simultaneously located at the RM6283-RM7370 interval on chromosome 3 under the N-and N+ levels, and a single QTL explained 26.73% and 13.96% of the phenotypic variation, respectively. The positive allele of the QTL was from Xieqingzao B.
Grain yield per plant
Three QTLs for grain yield per plant were detected under the two N levels, including one and two QTLs under the N-and N+ levels, respectively (Tables 2 and  3 ). These three QTLs were located on chromosomes 1, 4 and 9, and phenotypic variations explained by each QTL ranged from 5.73% to 6.80%. The positive allele of the QTL located on chromosome 9 under the N+ level was from Xieqingzao B, and Zhonghui 9308 carried alleles of the other two QTLs.
DISCUSSION
Nitrogen is one of the necessary elements for crop growth, and it plays a very important role in regulating crop yield. However, the heavy use of N fertilizer may cause decline in rice quality and NUE, environmental pollution, and other problems. Therefore, methods of improving rice NUE have become research foci. Several previous studies showed significant genotypic differences in NUE and N deficiency tolerance in rice (Jiang et al, 2003; Piao et al, 2003; Cao et al, 2006; Cheng et al, 2012; Yin et al, 2013) . In this study, seven yield traits under the N-level decreased in smaller degrees in Zhonghui 9308 than in Xieqingzao B, thereby indicating that Zhonghui 9308 presents possess stronger N deficiency tolerance than Xieqingzao B. The results were consistent with previous studies (Feng et al, 2010a) . Genotype × environment interaction is one of the important factors affecting the expression of quantitative traits (Zhuang et al, 1997) . Yield traits are quantitative traits controlled by multiple genes and are highly influenced by environmental levels . found that QTLs detected under the high and low N levels are widely different. However, the study of Tong et al (2006) showed the presences of the same and specially expressed QTLs under the low and high N levels. Tong et al (2011) analyzed the QTLs for rice yield and its components under the high, middle and low N levels, and detected 15, 23 and 19 QTLs at three N levels, respectively, thereby indicating the occurrence of obvious interactions between QTLs for yield traits and N levels. In this study, we detected 11 consistent and 30 differentially expressed QTLs for yield traits under the two N levels. The results were consistent with previous studies, thereby indicating that interactions between QTLs for rice yield traits and N levels existed. Such interactions are reflected on the differential expression of genes at different N environments.
NUE in plants is a complex quantitative trait. At present, a number of QTLs associated with NUE have been identified in plants, and the way by which QTLs can be used for genetic improvement of crop NUE has become a research focus. By integrating the QTLs for NUE in previous studies and excavating QTLs detected in different populations through comparative analysis, the accuracy and reliability of QTL mapping can be improved. In the present study, QTLs for number of panicles per plant, number of spikelets per panicle, number of filled grains per panicle, and grain density per panicle were simultaneously located in the RM135-RM168 interval on chromosome 3 under the two N levels. Senthivel et al (2008) detected several QTLs for yield traits and NUE in the nearby regions, and QTLs for soluble protein content related to rice N recycling were also detected in the similar regions in rice (Ishimaru et al, 2001) . In this study, QTLs for number of spikelets per panicle and number of filled grains per panicle under the two N levels and number of panicles per plant, and grain density per panicle under the N-level were detected in the RM5556-RM310 interval on chromosome 8. and Hu et al (2012) detected QTLs for N content and NUE in adjacent regions, respectively. Obara et al (2001) and Yamaya et al (2002) detected genes associated with glutamate synthase content, which is related to N recycling, in the similar regions on chromosome 8. These two chromosome regions may be enriched with the key N metabolism genes. Constructing a secondary mapping population (e.g., chromosome segment substitution lines) for these stable and reliable QTLs is expected to achieve a breakthrough in molecular genetic improvement and map-based cloning of QTLs for NUE in rice. 
